Infected cell-specific polypeptides (ICSP) in Trichoplusia ni nuclear polyhedrosis virus (MNPV)-infected cells could be radiolabelled with various sugar precursors including mannose, N-acetyl glucosamine, N-acetyl mannosamine and glucose. Glycosylation occurred mainly late in infection. Eleven polypeptides were glycosylated including the major envelope protein, the polyhedron protein (very late in infection) and a major low molecular weight non-structural polypeptide (also very late in infection). Tunicamycin inhibited T. niMNPV replication and prevented the addition of N-acetyl glucosamine and, to a lesser extent, mannose to the appropriate proteins. This had the effect of enhancing the migration in SDS-polyacrylamide gels of some glycopolypeptides but not that of the polyhedron protein. Tunicamycin prevented the envelopment of nucleocapsids both within the nucleus and at the plasma membrane. Polyhedron formation did, however, occur in the presence of tunicamycin.
INTRODUCTION
Virus glycoproteins, particularly of enveloped viruses, appear to play a major role in the interaction of viruses with their host cells (Crumpacker, 1980) . Baculoviruses are long bacilliform virus particles comprising a rod-shaped nucleocapsid surrounded by an envelope (Harrap, 1972) . Some structural proteins have been assumed to be glycoproteins (Adams et al., 1977) , yet no strong evidence for the glycosylation of these proteins has been presented. Goldstein & McIntosh (1980) have shown that a single polypeptide of mol. wt. 70000 radiolabelled with glucosamine is present in purified Autographa californica nuclear polyhedrosis virus (NPV) and that the protein is apparently not present in uninfected cells. Dobos & Cochran (1980) were unable to radiolabel A. californica NPV proteins with glucosamine but found that mannose and N-acetyl glucosamine were incorporated into virus particles although the glycosylated polypeptides were not specifically identified: they also showed that the pattern of incorporation of mannose and N-acetyl glucosamine into proteins of different sizes was varied.
In this report we have investigated the glycosylation of the intracellular polypeptides induced in Trichoplusia ni MNPV-infected cells to identify baculovirus proteins that are glycosylated. We have also investigated the effect of tunicamycin, an inhibitor of glycosylation (Takatsuki et al., 1971 (Takatsuki et al., , 1975 , on baculovirus replication to evaluate the role that glycosylation may play in the morphogenesis of the virus. The antibiotic tunicamycin specifically inhibits the formation of Nacetyl glucosamine-lipid intermediates in the phosphodolichol pathway of synthesis of asparagine-linked oligosaccharide chains (Hemming, 1982) . 2-Deoxy-o-glucose, an analogue of glucose and mannose, and also a specific inhibitor of glycosylation (Schwarz & Datema, 1980) was also used. Finally, we have tentatively identified gtycopolypeptides associated with purified virus particles and polyhedra. The work was done to provide fundamental information on proteins that may play a role in the structure of virus particles and the uptake of virus by cells, and so may influence both host range and virulence.
0022-1317/83/0000-5635 $02.00© 1983 SGM When baculoviruses replicate in cells at least four phases of protein synthesis have been observed which comprise an immediate early (c0 and early (fl) phase prior to DNA replication, and a late (~) and very late phase (6) after DNA replication (Kelly & Lescott, 1981) . Most virus structural proteins are synthesized late in infection, and the polyhedron protein which 'occludes' virus particles is synthesized very late in infection (for review, see Kelly, 1982) . Virus and cells. 7". ni multiple nucleocapsid NPV (T. ni MNPV) was grown and plaque-assayed in Spodoptera frugiperda cells as previously described (Kelly & Lescott, 1981 ; Kelly & Wang, 1981) .
METHODS

Materials
Infection and radiolabelling of cells. Approx. 106 cells were allowed to grow overnight (about 16 h) at 28 °C in 25 cm z plastic Falcon flasks. The cells were infected at an m.o.i, of 50 p.f.u./cell by allowing 1 ml of inoculum to adsorb to the cell sheet at 22 °C. The inoculum was then removed, the cell sheet washed and 2 ml TC 100 medium (Gardiner & Stockdale, 1975) added. The flask was incubated at 28 °C until radiolabelling commenced. For sugars the radiolabel (routinely 5 ~tCi in 1 ml) was added in TC100 containing 10% of the normal concentration of glucose, 2~ dialysed calf serum and no bactotryptose broth. The cells were rinsed in this medium immediately before radiolabelling. For amino acids the radiolabel (routinely 5 ~tCi in 1 ml, except [35S]methionine where 25 ~tCi was used) was added in TC 100 containing 2 ~ dialysed calf serum, bactotryptose broth and the appropriate amino acid were omitted. After the radiolabelling period the cells were washed in phosphate-buffered saline (PBS), drained and scraped into 250 p,l of 2% (w/v) SDS, 2% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 0.01% (w/v) bromophenol blue in 1 M-Tris-HCI pH 6.8. The samples were then immediately disrupted by boiling for 2 min.
Polyacrylamide gel eleetrophoresis (PAGE) of proteins.
Polypeptides were analysed on 16 cm-long 12~ polyacrylamide slab gels using the buffer system of Laemmli (1970) as previously described (Elliott et al., 1977) . Cells were scraped into the medium and collected by centrifugation at 1000 g for 10 rain. Virus present in the medium was pelleted at 25000 g for 90 min and resuspended in water. Virus particles and polyhedra were released from cells by sonication. Polyhedra were collected by centrifugation at 2000 g for 15 min, resuspended in water, and run on a 50 to 60~ (w/w) sucrose gradient at 30000 g for 60 min. The single band of polyhedra was removed, diluted and pelleted at 2000 g for 15 rain. Virus particles were purified on 10 to 50~ (w/v) sucrose gradients centrifuged at 25 000 g for 70 rain. The virus bands were harvested and the virus diluted in water and pelleted at 25000 g for 90 rain. Nucleocapsids were released from virus particles and purified as previously described (Burley et al., 1982) .
Electron microscopy was performed as previously described (Kelly, 1981) . Table 1 . The molecular weights and possible functions of some of these glycoproteins are also shown in Table 1 . The radiolabelled proteins include the polyhedron protein (glycopolypeptide F). Analysis of the ICSP from cells radiolabelled with glucosamine and N-acetyl glucosamine also showed the presence of seven main glycosylated ICSP (Fig. 2 , Table 1 ).
RESULTS
Identification of glycosylated infected cell-specific polypeptides ( ICSP)
[14C]Glucose also efficiently labelled a number of proteins including the polyhedron protein (Fig. 2) . No incorporation was detected with N-acetyl [4,5,6,7,8,9-14C] Table 1 ).
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[~4C]fucose, or [~4C]N-acetyl mannosamine but it has not yet been shown that the cells are able to take up these sugars. Poor incorporation occurred with [14C]mannosamine and only glycopeptides A and B were labelled (data not shown). Glycopeptide K was a methioninedeficient polypeptide which radiolabelled with asparagine.
It was necessary to label for periods of up to 20 to 24 h to achieve appreciable radiolabelling with sugars. Fig. 3 shows the effect of radiolabelling with glucosamine for different periods of time and at different times within the first 24 h of infection. No glycosylation of ICSP was detected within the first 9 h of infection, The major glycopolypeptides (A, B, C, D, E) were all labelled within the 9 to 22 h period and relative amounts of label associated with each polypeptide were similar for the main glycopeptides. Some minor glycopeptides (G, H, I, J) were not detected in the 9 to 15 h period but this may reflect problems in detecting minor components rather than their absence. After 24 h the pattern of glycosylation changed with the most marked alterations being a decrease in the glycosylation of glycopolypeptide A and a marked increase of glycosylation of glycopolypeptides F and K, particularly with mannose (see Fig. 8 and Fig. 9 ). These polypeptides represent the polyhedron protein (glycopolypeptide F) and a major nonstructural methionine-deficient 6 polypeptide (K). The radiolabelling period prior to a set time Kelly & Lescott (1981) .
Properties of the main glycosylated infected cell-specific polypeptides in
t S, Structural; NS, non-structural; P, polyhedron protein.
$ Effect on migration of glycopolypeptide (+, altered migration; -, unaltered migration; ?, difficult to assess). § Arbitrary evaluation of the extent of radiolabelling (+, present; -, absent; ?, weakly or unlabelled).
II Not recorded in the provisional identification of S and NS polypeptides (Kelly & Lescott, 1981) . ¶ Not present in cell-released virus. A to E, major polypeptides; F, polyhedron protein; J, minor polypeptide (see also Table 1 ).
had little effect on the pattern of glycosylation, showing that it was unlikely that on prolonged radiolabelling periods the radioactive sugars were metabolized to other precursors of proteins. The sugars also selectively labelled particular ICSP showing that the sugars (with the probable exception of glucose) are not metabolized into other derivatives.
Identification of glycosylated structural polypeptides
Virus particles and polyhedra were purified from cells radiolabelled with mannose. The polyhedra showed a single major polypeptide of mol. wt. 34000 and an autoradiograph showed that the protein was associated with mannose (Fig. 4) . In addition, the glycoproteins (A and D) found radiolabelled in virus particles were detected in purified polyhedrm Two preparations of virus particles were obtained. Firstly, virus released from the cells (presumably by 'budding' at the plasma membrane) was purified from the tissue culture medium and this 'cell-released' virus was found to contain two glycopolypeptides, A and C (Fig. 5) . Secondly, virus particles contained within the cells were purified directly from washed disrupted cells and were found to contain three glycopeptides (A, C and D) together with the polyhedron protein (glycopolypeptide F). These four proteins were also detected as glycosylated polypeptides in purified polyhedra, although glycopolypeptide A was enriched compared to the glycopolypeptide D as found in polyhedra. No glycoproteins were associated with nucleocapsids purified from these preparations and so the glycopolypeptides must be associated with the virus envelope. Table 1 . Table 1 ; J, minor polypeptide. Lescott, unpublished observations) although it is not clear whether the effect is because the compound is not taken up by the cells. Tunicamycin had a marked inhibitory effect on the replication of the virus, 10 ~tg of the compound reducing the yield by over 10-fold. Above 60 Ixg tunicamycin/ml, further suppression of yield occurred but this was probably due to cell damage rather than a biphasic inhibition of virus replication per se.
Effect of tunicamycin and 2-deoxy-D-glucose on baculovirus replication
The direct effect of tunicamycin was to alter the properties of three polypeptides corresponding to glycopolypeptides A, B and D (Fig. 7) . One minor glycopolypeptide (J) also altered in migration. Glycopeptides C and F were unaltered in their migration. Tunicamycin suppressed the addition of N-acetyl glucosamine to ICSP completely (Fig. 8) although evidence of continued glycosylation of some host cell polypeptides was obtained. Similar results were obtained with glucosamine. Tunicamycin partially suppressed the addition of mannose to ICSP (Fig. 9) . Glycopeptides F and K were still appreciably glycosylated with mannose whereas the Table 1 ; J, minor polypeptide. Cells were radiolabelled with mannose for 24 h before sampling. It can be seen that 2-deoxy-D-glucose had no effect on glycosylation. Tunicamycin particularly affected the incorporation of mannose into glycopolypeptides A, B and D. Samples were electrophoresed on 12~ SDS-polyacrylamide gels. Polypeptides indicated as in Table 1 ; J, minor polypeptide.
other glycopeptides were barely glycosylated and showed faster migration (consistent with partial glycosylation). In these experiments cells were treated with 10 txg tunicamycin/ml. 2-Deoxy-D-glucose (20 ~tg/ml) had no effect on the incorporation of [3 SS]methionine ' N-acetyl glucosamine, glucosamine or m a n n o s e into ICSP (Fig. 7, 8 and 9 ; the data for glucosamine are similar to N-acetyl glucosamine and are not shown).
Electron microscopy of tunicamycin-treated infected cells
Since the virus particles and polyhedra contain glycosylated polypeptides, and t u n i c a m y c i n prevented the complete glycosylation of these polypeptides, it was of interest to see the effect of tunicamycin on virus morphogenesis. Fig. 10 and Fig. 11 show the morphology of T. ni M N P Vinfected cells grown in the presence of tunicamycin for 24 h. The most noticeable effect was that nucleocapsids failed to acquire envelopes either in the cell nucleus or at the plasma m e m b r a n e , although vesicles (probably lipid) were present in the nucleus. Nucleocapsids are, however, observed in a b u n d a n c e in the cell cytoplasm (Fig. 10) and qualitatively it appears that they occur Polyhedra were assembled in tunicamycin-treated cells and the crystalline lattice of the polyhedra produced under these conditions had the regular lattice spacing typical of polyhedra (not shown). The polyhedra formed contained no nucleocapsids and virus particles (i.e. enveloped nucleocapsids) were not available for occlusion (Fig. I 1) .
DISCUSSION
Eleven glycopolypeptides were detected in T. ni MNPV-infected cells which were not present in uninfected cells. These glycopolypeptides had the same relative migration as newly synthesized [ 35S]methionine or [14C]asparagine-labelled polypeptides and so they are assumed to be virus-specified glycopolypeptides. Glycosylation appeared to be essential for the virus to replicate since tunicamycin inhibited both glycosylation and replication.
Glycosylation of both structural and non-structural proteins occurred late and very late in infection. Assessing the actual time of addition of oligosaccharides to proteins could not be done accurately because of the length of labelling times used. The long labelling times used reflected short pulses as shown in Fig. 3 , and there was no reason to suspect that the radiolabelled molecules had been metabolized into other derivatives in the course of prolonged radiolabelling. The effect of tunicamycin also supports this conclusion. Glycosylation of both fl-and ~-D.C. KELLY AND T. LESCOTT Fig. 11 . Electron micrograph of S. frugiperda cell infected with 7". ni MNPV in the presence of tunicamycin 24 h post-infection. Mature polyhedra, lacking virus particles, accumulate in the nucleus with apparently normal structure. Bar marker represents 1 ~tm polypeptides occurred within the first 24 h of replication and this appeared to occur concurrently despite the fact that polypeptides of mol. wt. 48000, 43000 and 40000 corresponding to glycopolypeptides C, D and E are fl-polypeptides which are synthesized prior to the ypolypeptides of tool. wt. 75000 and 70000 corresponding to glycopeptides A and B. Later in infection the 6-polypeptides became glycosylated and glycosylation of the fl-and y-polypeptides subsided.
Two glycoproteins were associated with virus particles released from cells by budding at the plasma membrane, and three were present in the virus associated with cells. The clear-cut association of glycoprotein D with cell-associated virus was surprising since it might be anticipated that some 'cell-released' virus would be associated with the cell. It has, however, been shown that virus ceases to be released by cells late in infection and perhaps none of this type of virus remains with the cell at the time of harvesting. The 'cellassociated' virus is presumably enveloped virus present in the nucleus destined to become occluded within a polyhedron and this difference between cell-released and cell-associated virus reflects one difference between plasma membrane-released virus and occluded virus. It has previously been shown that there are substantial biochemical and biological differences between these two forms of the virus .
The polyhedron protein is glycosylated predominantly with mannose (of the precursors we have used). Although the synthesis of this protein commences approximately 15 h post-infection it is not transported into the nucleus until 18 to 19 h post-infection and it does not crystallize into polyhedra until about 22 h post-infection (Kelly, 1981 ; Kelly & Lescott, 1981 ; D. C. Kelly & T.
Lescott, unpublished observations). Glycosylation of the protein was detected from 24 h postinfection. It will be of interest to determine if every molecule of polyhedron protein is glycosylated or whether glycosylation is confined to the surface of the polyhedron. Inhibition of glycosylation by tunicamycin did not prevent assembly ofpolyhedra and the crystalline lattice of the polyhedron appeared normal, implying that glycosylation is not essential for crystallization.
A major glycosylated non-structural methionine-deficient protein was observed late in infection. From the time of its appearance it is a c%polypeptide and it is glycosylated coincidentally with its synthesis. However, its function is not known.
The use of tunicamycin proved a useful probe in elucidating NPV morphogenesis. 2-Deoxy-Dglucose did not inhibit replication and had no effect on the addition of sugars to the glycoproteins. The acquisition of an envelope by nucleocapsids either at the plasma membrane or de novo within the nucleus was severely curtailed in the presence of tunicamycin. The effect at the plasma membrane is probably because the non-glycosylated proteins are not transported to, or inserted into, the plasma membrane, and so the membranes lack specific receptors to accept and envelope the nucleocapsids. The acquisition of envelopes by nucleocapsids in the nuclei of baculovirus-infected cells is a novel feature of this virus (Stoltz et al., 1973) . In the presence of tunicamycin no envelopment occurred, although nucleocapsids were observed aligned along lipid-like material; however, the material appeared not to be virus envelope per se. It appeared that envelope material was transported into the nucleus, and this is consistent with the observation that no 'empty envelopes' were observed within the nucleus as sometimes occurs during aberrant replication. The absence of enveloped nucleocapsids explains the low yield of virus in tunicamycin-treated cells since nucleocapsids are not infectious (Kelly & Wang, 1981) .
One final interesting morphological observation made with tunicamycin was that nucleocapsids accumulate in the cytoplasm. That they accumulate there in excessive numbers no doubt is because they are unable to egress from the cells by budding at the plasma membrane. However, that they reach the cytoplasm is intriguing. Nucleocapsids have been observed 'transgressing' the nuclear envelope by becoming partially enveloped within the nuclear membrane (Kelly, 1981) , but this was not observed in tunicamycin-treated cells. In untreated cells the release of nucleocapsids into the perinuclear space has not been observed. Consequently, it would appear that nucleocapsids can reach the cytoplasm without 'budding' through the nuclear membranes, and that it is independent of glycosylation, which may mean that membrane-inserted receptor sites are not required. It is possible that nuclear pores can provide the exit for nucleocapsids.
Tunicamycin completely inhibited the addition of glucosamine and N-acetyl glucosamine to proteins but, at the concentrations used, mannose continued to be added albeit in reduced amounts. This is consistent with the known mode of action of tunicamycin which prevents the addition of N-acetyl glucosamine to dolichol phosphate, whereas mannose would be added to any dolichol pyrophosphate-N-acetyl glucosamine or higher derivative existing in the cell, although the pool size of these derivatives would become depleted and the incorporation of mannose impaired.
The other observed effect of tunicamycin, that some proteins migrate more rapidly in SDSpolyacrylamide gels, is consistent with the absence of extensive glycosylation of these proteins. The polyhedron protein does not alter in migration and this may indicate that glycosylation is neither of the complex or high mannose type.
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